To investigate the mechanism of sudden death as a result of stress-induced damage to heart tissue and myocardial cells and to investigate the cardioprotective role of Hsp70 during heat stress, the distribution and expression of Hsp70 was evaluated in the heart cells of heat-stressed rats in vivo and heat-stressed H9c2 cells in vitro. After exposure to heat stress at 42°C for different durations, we observed a significant induction of CK, CK-MB, and LDH as well as pathologic lesions characterized by acute degeneration, suggesting that cell damage occurs from the onset of heat stress. Immunocytochemistry showed that Hsp70 was distributed mainly in the cytoplasm of myocardial cells in vivo and in vitro. Hsp70-positive signals in the cytoplasm were more prominent in intact areas than in degenerated areas after 60 min of heat stress. Hsp70 protein levels in myocardial cells in vitro decreased from the beginning to the end of heat stress. Hsp70 protein levels in rat heart 1995 Hsp70 in heat-stressed rat cardiac cells ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (1): 1994 -2005 tissues in vivo decreased gradually with prolonged heat stress, with a slight increase at the beginning of heat stress. These results indicate that Hsp70 plays a role in the response of cardiac cells to heat stress and that decreased Hsp70 levels are associated with damage to rat myocardial cells in vitro and in vivo. Significant differences were found in hsp70 mRNA, which began to increase after 20 min of heat stress in vitro and after 40 min in vivo. This indicates that hysteresis is involved in mRNA expression after heat stress in vivo.
INTRODUCTION
Heat stress is one of the most challenging environmental conditions affecting animals, leading to impaired growth and reducing reproduction. Studies of chronic heat stress have demonstrated altered physiologic, metabolic, biochemical, and cellular responses in animal models and poultry (Hu et al., 2007; Lu et al., 2007) . Studies have also confirmed that the sudden death of mammals can occur as a result of stress-induced damage to heart tissue and myocardial cells (Yu et al., 2008; Zhang et al., 2011) . The mechanisms leading to cellular damage and the death of animals subjected to such stresses remain poorly understood, although several factors and physiologic reactions have been investigated (Kamarck and Jennings, 1991) .
Animals have protective measures against environmental challenges. The heat shock proteins (Hsps) are a set of proteins synthesized in response to physical, chemical, or biological stresses, including heat exposure (McCormick et al., 2003; Ganter et al., 2006; Staib et al., 2007) . Hsps are the most broadly distributed class of proteins and are also among the most highly conserved proteins in nature. On the basis of their molecular size, structure, and function, Hsps can be divided into six families of sequence-related proteins: small HSPs, HSP40, HSP60, HSP70, HSP90, and HSP110 (Lindquist and Craig, 1988) . Although many Hsps have been shown to be effective in cell survival and adaptation, some are more cardioprotective than others (Liu et al., 2007) . Certain Hsps, especially Hsp70, are thought to play particularly important roles in protection against stress-induced cardiac cell damage such as ischemia-reperfusion injury. Hsp70, one of the most abundant and best characterized Hsps, is a molecular chaperone involved in the folding of nascent and misfolded proteins under nonstressful conditions, and it plays a significant role in the protection of cells against various cellular stressors including heat (Čvoro et al., 1998; Evdonin et al., 2006) , hypoxia (Dwyer et al., 1989) , ultraviolet irradiation (Li et al., 2005) , oxidative stress (Drummond and Steinhardt, 1987) , and various others (Oyake et al., 2006) . The overexpression of Hsp70 can accelerate ulcer healing by promoting cell proliferation, inhibiting cell apoptosis, and accelerating protein synthesis (Pierzchalski et al., 2006) . In addition, Hsp70 can minimize infarct size and improve contractile function in humans and mice (Knowlton et al., 1998; Gray et al., 1999) . Hsp70 is expressed in the heart and brain and may improve tolerance to environmental changes or pathogenic conditions, increases survival of stressed cells, and plays a critical role in cardiovascular diseases, organism decay, and cellular aging (Njemini et al., 2007) .
Lethal heart pathologies such as cardiac failure and stroke result from damage caused by various factors, including heat, toxins, impairment of transport and physiologic functions, and ischemia (Gisolfi et al., 1991) . Severe stress can lead to sudden death in humans or animals due to the cardiac dysfunction induced by heart damage (Hobbesland et al., 1997) . Studies on thermal stress have shown that high temperatures can result in lethal heart injury or damage (Rai and Ambwany, 1980; Gathiram et al., 1987 Gathiram et al., , 1988 , and various types of stressor, such as transport in pigs and heat in poultry, can lead to sudden death (Vecerek et al., 2006; Yu et al., 2008) . Death is usually due to damage to the heart, although various changes occur in other organs.
Little is known about the expression of Hsp70 in response to heat stress or the effect of its distribution and levels in protection against hyperthermia-induced cellular damage. The mechanisms by which heat stress causes cell damage are difficult to investigate systematically in vivo due to the numerous confounding environmental variables. The aims of this study were to investigate the expression of the Hsp70 protein and its mRNA and the potential role of Hsp70 in protection against heat-induced cellular damage in vivo and in vitro.
MATERIAL AND METHODS

Models of heat stress using cell culture in vitro and experimental rats in vivo
H9c2 cells were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin in a humidified atmosphere of 5% CO 2 at 37°C. At cellular viability greater than 95%, the cells were divided into six groups and exposed to heat stress in a water bath at 42°C for 0 (control), 20, 40, 60, 80, or 100 min, respectively.
Sixty Sprague Dawley rats, 220 ± 20 g, were purchased from Qinglongshan Farms (Nanjing, China) and housed in cages with free access to food and water. After 3 days of adaptation feeding at room temperature, all animals were suddenly exposed to 42°C in climatecontrolled chambers (RX8-500D, New Jiangnan Instrument Co., Ltd., Ningbo, China) for 0 (control), 20, 40, 60, 80, or 100 min, with 10 rats in each group. All experimental rats were humanely killed by decapitation at the end of the heat stress period. All experiments were performed in accordance with the guidelines of the Animal Ethics Committee of Jiangsu Province, China, and were approved by the institutional animal care and use committee of Nanjing Agricultural University, China.
Determination of enzyme activities in vitro and in vivo
The activities of creatine kinase (CK, A032), the MB isoenzyme of CK (CK-MB, H197), and lactate dehydrogenase (LDH, A-020-1) in all samples were measured according to the instructions provided with commercial kits (Nanjing Jiancheng Biochemical Reagent Co. Ltd., Nanjing, China). Each sample was analyzed five consecutive times.
Immunofluorescence staining of heat-stressed myocardial cells in vitro and in vivo
After heat stress, H9c2 cells on glass-bottomed dishes were fixed with 4% paraformaldehyde. Cells were incubated with anti-Hsp70 (1:50) (ADI-SPA-820-F, Enzo Life Sciences, USA) mouse monoclonal antibody and subsequently incubated with fluorescein isothiocyanate-conjugated antibody. Fluorescence images were taken using light microscopy.
Serial sections of heart tissues were immunostained by the standard avidin-biotin complex immunoperoxidase method as previously described (Yu et al., 2008) . The sections were counterstained with hematoxylin, and fluorescence images were taken using light microscopy. Corresponding negative control sections were prepared by omitting antibody.
Determination of Hsp70 in heat-stressed myocardial cells in vitro and in vivo by western blotting
Heat-stressed H9c2 cell protein was extracted using M-PER Mammalian Protein Extraction Reagent (78501; Thermo Scientific, Waltham, MA, USA) according to the manufacturer protocol. Heart tissue samples were homogenized in 1 mL protein extraction reagent on ice using an Ultra-Turrax homogenizer after being completely washed in ice-cold physiological saline; the homogenates were then centrifuged at 12,000 g for 20 min at 4°C to remove cellular debris. The supernatant was collected and stored at -20°C for protein quantification. Protein concentrations were measured using a Micro BCA assay kit (23235; Thermo Scientific). The bands on the developed film were quantified using the Quantity One software version 4.6.2 (Bio-Rad, Hercules, CA, USA). All blots were probed with anti-GAPDH (KC-5G4; KangChen Bio-tech Inc., Shanghai, China) antibody as an internal control.
Determination of hsp70 mRNA in heat-stressed myocardial cells in vitro and in vivo by quantitative real-time polymerase chain reaction (qPCR)
Total RNA was isolated using TRIzol reagent (15596-026; Invitrogen, Thermo Fisher Scientific Inc., USA) according to manufacturer instructions. The concentration of RNA was determined with a spectrophotometer (Infinite M200PRO, Tecan, Austria). Primer sets were specifically designed to anneal to each target mRNA. The sequences of hsp70 mRNA and β-actin mRNA were obtained from the National Center for Biotechnology Information's GenBank (Table 1 ). The amplification efficiencies of the target and reference were approximately equal. Therefore, the hsp70 mRNA levels were normalized using the following formula:
Relative quantity of hsp70 mRNA = 2 
Statistical analysis
Statistical analysis of the differences between the experimental groups and the control group were performed with one-way analysis of variance followed by the least significant difference multiple comparison test provided by SPSS version 20.0 for Windows (IBM, Armonk, NY, USA). Results are reported as means ± SE of at least three independent experiments. P < 0.05 was considered to be statistically significant.
RESULTS
Damage-related enzyme activities in vitro and in vivo
Significant changes in CK, CK-MB, and LDH levels were observed in the heatstressed rat myocardial cells compared with the control group (Table 2) . From the beginning of heat stress, almost all enzyme activities tested were increased significantly in vitro and in vivo, especially in the culture supernatant from myocardial cells in vitro. CK-MB and LDH levels were significantly increased after 20 min of heat stress (P < 0.05), and CK was significantly increased after 40 min (P < 0.05) in vitro. However, these enzymes showed no significant changes in vivo until at least 40 min of heat stress. CK-MB and LDH were significantly increased after 40 min (P < 0.05), and CK was significantly increased at 100 min (P < 0.05). 
Pathologic lesion and Hsp70 distribution in heat-stressed myocardial cells in vitro and in vivo
In the control group, no obvious lesions were found in the cells ( Figure 1A ). Cytopathologic acute degeneration characterized by numerous fine granular particles in the cytoplasm and enlarged cellular size was observed in myocardial cells after heat stress in vitro ( Figure 1B) . Positive Hsp70 signals were observed mainly in the cytoplasm and less in the nucleus of the myocardial cells in the non-heat-stressed group ( Figure 1C) . After 60 min of heat stress, Hsp70 signals were observed in both the nucleus and the cytoplasm, although the cytoplasmic signals were weak ( Figure 1D ).
There were no obvious lesions in the control group in vivo (Figure 2A ). After exposure to high temperature for 60 min, hyperemia and edema characterized by wider spaces among muscle fibers were observed. The myocardial cells were enlarged ( Figure 2B ). Hsp70 signals were observed mainly in the cytoplasm and occasionally in the nucleus of myocardial cells in vivo in both the control ( Figure 2C ) and the heat-stressed rats. Although there was no obvious difference in Hsp70 distribution between the heat-stressed rats and the controls, positive Hsp70 signals in the cytoplasm were more prominent in intact areas than in degenerated areas after 60 min of heat stress ( Figure 2D ).
In rats that died from heat stress, bleeding among myocardial cells and partial collapse of myocardial fibers were observed. Hsp70-positive signals were weakly and unevenly distributed in the cytoplasm of myocardial cells from the heat-stressed rats in vivo ( Figure 3A, B) . The expression of Hsp70 in vitro was decreased compared with controls from the beginning of heat stress (20 min), with obvious reductions at 40 min. The expression of Hsp70 protein remained low until the end of the experimental period, although with slight increases at 80 and 100 min. However, the transcription of hsp70 mRNA was increased from the beginning of heat stress (P > 0.05), with significant induction at 60 (P < 0.01) and 100 min (P < 0.01) compared with the control group.
Hsp70 in the heart tissues of rats in vivo was increased from the beginning of heat stress, was the greatest at 40 min (P < 0.05), and then decreased gradually with prolonged heat stress; at 100 min, Hsp70 expression was decreased significantly (P < 0.05). However, the transcription of hsp70 mRNA, which increased gradually from the beginning of heat stress, was greatest at 100 min (P < 0.01).
Interestingly, the levels of Hsp70 in the heart tissues of rats that died of heat stress were significantly reduced (P < 0.01) compared with those in the control rats (Figure 6 ), although the transcription of hsp70 mRNA was significantly increased. 
DISCUSSION
In this study, the induction of myocardial cell damage by heat stress was confirmed by determining levels of the enzymes CK, CK-MB, and LDH, which are used as indicators of cardiac function when investigating damage to the heart not only in humans but also in livestock (Georgopoulos and Welch, 1993; Mitchell and Sandercock, 1995; Lin et al., 2001; Buyukokuroglu et al., 2004; Saravanan et al., 2011) . The levels of CK, CK-MB, and LDH activity were higher in heat-stressed myocardial cells than in the control group after various time intervals both in vitro and in vivo, although myocardial cells had sustained considerable damage after only 20 min in vitro, whereas in vivo heart tissues were damaged later, particularly at the end of the heat stress period. This suggests that hysteresis is involved in myocardial cell damage by heat stress in vivo compared with in vitro.
Although positive Hsp70 signals were detected in both the nucleus and the cytoplasm of myocardial cells in vitro and in vivo, stronger signals were mainly in the cytoplasm. This is in agreement with many previous observations Yu et al., 2008) . Our immunofluorescence results show that Hsp70-positive signals decreased slightly after heat stress without any change in distribution. The localization of Hsps may be related to the protective function of molecular chaperones (Georgopoulos and Welch, 1993; Craig et al., 1994; Hendrick and Hartl, 1995) . With regard to the role of Hsps in cardiac damage, our immunofluorescence results indicate that the distribution of Hsp70 in myocardial cells varied with the duration of exposure to heat stress and differed from that in the control cells even after exposure to heat for only a short period of time. These findings are in agreement with those of another study, in which these proteins were expressed dynamically in rat primary myocardial cells subjected to stress (Geum et al., 2002) . Similar to the in vitro experiments, our immunofluorescence results in vivo showed that the expression of Hsp70 in myocardial cells after 60 min of heat stress was weaker than that in the control group. Immunohistochemistry in vitro showed weaker Hsp70-positive signals after 60 min of heat stress, which was consistent with our western blotting results. Immunohistochemistry in vivo also revealed weaker Hsp70-positive signals after 60 min of heat stress; however, western blotting showed that Hsp70 expression at that time was greater than that in the control group. Focusing on the distribution of Hsp70 and its relationship with the pathologic changes, our cytopathologic and histopathologic results demonstrate that acute myocardial cell degeneration or heart tissue damage and muscle fiber disruption occurred after 60 min of heat stress both in vitro and in vivo. Meanwhile, the distribution densities of Hsp70 were decreased. Hsp70-positive signals in the cytoplasm of heart cells were more prominent in intact areas than in degenerated areas after 60 min of heat stress. Our findings indicate that decreased Hsp70 levels are associated with severe damage to rat myocardial cells in vitro and in vivo.
Our western blotting results showed that Hsp70 expression varied in myocardial cells exposed to heat stress in vitro and in vivo. Levels started to decline after 20 min and reached their lowest point after 60 min in vitro. In vivo, however, Hsp70 expression was increased from the beginning of heat stress (20 min), reached its highest levels at 40 min, then decreased significantly after 80 min and especially after 100 min. Interestingly, Hsp70 levels in the heart tissues of rats that died from heat stress were also decreased significantly compared with the levels of control rats. Our findings are partly consistent with those of previous reports Yu et al., 2008) and indicate that hysteresis is involved in Hsp70 expression after heat stress in vivo but not in vitro. The reason for this difference may be due to the presence of more complex regulatory mechanisms against heat stress, such as neuroendocrine regulation, in vivo (Haley et al., 2006; Weinberg et al., 2008; Holsen et al., 2013) .
The changes in hsp70 mRNA transcription that were observed in myocardial cells in vitro and in vivo were relatively consistent. Both were raised significantly from the beginning until the end of heat stress and increased gradually with the duration of heat stress. Even in the myocardial cells of rats that died from heat stress, hsp70 mRNA transcription was increased and remained higher than in the control group. This is in agreement with many previous observations (Banerji et al., 1986) . However, the observed changes in Hsp70 protein did not correspond to changes in hsp70 mRNA transcription in vitro or in vivo in the present study. Hsp70 protein was significantly decreased in vitro or was increased initially and then decreased in vitro. This is inconsistent with the classic patterns of transcription and translation and implies that the expression of Hsp70, which is required for myocardial cell homeostasis in response to stress, was delayed or overtaxed due to rapid consumption at the onset of heat stress.
Members of the Hsp70 family are known to inhibit cell death by multiple mechanisms (Garrido et al., 2006) . Heat stress can have serious effects on the body, including acidbase balance disorders, intracellular protein misfolding, and even death. An important role of Hsp70 is cytoskeletal stabilization and the management of protein folding and repair. Under stress conditions, Hsp70 combines with misfolded or aggregated proteins to reduce the risk of formation of insoluble aggregates, and helps in correct protein folding, maintaining certain peptide chains in their extended state. Exposure to potentially fatal heat stress causes rapid intracellular protein misfolding in myocardial cells in vitro. The rapid combination of Hsp70 with misfolded proteins decreases Hsp70 levels. Animals subjected to heat stress attempt to eliminate damage by maintaining homeostasis, but homeostasis is destroyed when the stress persists and Hsp70 levels gradually become insufficient. Large quantities of insoluble aggregates affect cardiac function and can lead to death. In the present study, Hsp70 levels in the myocardial cells of rats that died from heat stress were much lower than those in the other heat-stressed rats in vivo. This may be partly due to the presence of insufficient Hsp70 to protect the cells from heat stress damage. However, the mechanisms of the interaction between Hsp70 and tissue damage in heat-stressed cells in vivo and in vitro require confirmation in further studies.
